Phased response of the subpolar Southern Ocean to changes in circumpolar winds by Naveira Garabato, A.C. et al.
Phased Response of the Subpolar Southern Ocean
to Changes in Circumpolar Winds
A. C. Naveira Garabato1 , T. S. Dotto1, J. Hooley1, S. Bacon2 , M. Tsamados3 , A. Ridout3 ,
E. E. Frajka‐Williams2 , L. Herraiz‐Borreguero4, P. R. Holland5, H. D. B. S. Heorton3 ,
and M. P. Meredith5
1Ocean and Earth Science, University of Southampton, Southampton, UK, 2National Oceanography Centre,
Southampton, UK, 3Centre for Polar Observation and Modelling, University College London, London, UK, 4CSIRO
Oceans and Atmosphere, Hobart, Tasmania, Australia, 5British Antarctic Survey, Cambridge, UK
Abstract The response of the subpolar Southern Ocean (sSO) to wind forcing is assessed using satellite
radar altimetry. sSO sea level exhibits a phased, zonally coherent, bimodal adjustment to circumpolar wind
changes, involving comparable seasonal and interannual variations. The adjustment is effected via a
quasi‐instantaneous exchange of mass between the Antarctic continental shelf and the sSO to the north, and
a 2‐month‐delayed transfer of mass between the wider Southern Ocean and the subtropics. Both
adjustment modes are consistent with an Ekman‐mediated response to variations in surface stress. Only the
fast mode projects signiﬁcantly onto the surface geostrophic ﬂow of the sSO; thus, the regional circulation
varies in phase with the leading edge of sSO sea level variability. The surface forcing of changes in the
sSO system is partly associated with variations of surface winds linked to the Southern Annular Mode and is
modulated by sea ice cover near Antarctica.
1. Introduction
The subpolar Southern Ocean (sSO), extending from Antarctica to the southern boundary of the Antarctic
Circumpolar Current (Figure 1), is a region of vigorous and complex interactions between the atmosphere,
cryosphere, and ocean, with an inﬂuence on Earth's climate that is disproportionate to its area. Such inter-
actions are pivotal to the stability of the Antarctic Ice Sheet and global sea level (Jenkins et al., 2018), the
volume and area of Antarctic sea ice (Holland & Kwok, 2012), Earth's albedo (Meehl & Washington,
1990), and the production of the Antarctic Bottom Water that cools and ventilates the global ocean abyss
(Naveira Garabato et al., 2016). Evidence is mounting that the sSO is undergoing a signiﬁcant transition
in its climatic state and global inﬂuence, entailing an intensiﬁcation of the atmospheric polar vortex
(Thompson et al., 2011), accelerated melting of the Antarctic Ice Sheet (Rye et al., 2014; Shepherd et al.,
2018), a redistribution of sea ice (Holland, 2014), and extensive warming, freshening, and poleward contrac-
tion of Antarctic BottomWater (Purkey & Johnson, 2012). However, understanding these changes and their
mechanistic connections is confounded by the historical scarcity of oceanic measurements in the region,
which presents a challenging environment to in situ observing platforms and, through its pervasive sea
ice cover, satellite measurements.
Two speciﬁc oceanic features of the sSO are fundamental in establishing the region's coupled behavior and
climatic role and are thereby priority targets for advances in observation and dynamical understanding.
First, a quasi‐circumpolar frontal jet (the Antarctic Slope Front; Figure 1) ﬂows westward at the surface
along much of the Antarctic continental slope, mediating physical transfers among zonally distant areas
of the sSO (Thompson et al., 2019). This frontal system regulates exchanges between the Antarctic continen-
tal shelves and the open ocean that are critical to the on‐shelf supply of heat governing Antarctic ice shelf
melting and sea ice formation and to the production and offshore export of Antarctic Bottom Water at the
shelf break. Second, a mid‐depth pycnocline extends across large areas of the Antarctic continental shelves
(with the exception of conﬁned sites of dense shelf‐water formation), separating relatively cold, fresh, and
light upper‐ocean waters from warmer, saltier, and denser waters originating in the Antarctic
Circumpolar Current (Jenkins et al., 2016). Variations in the depth and intensity of the on‐shelf pycnocline
modulate the access of warm deep waters to the Antarctic ice shelf cavities and pre‐condition the local for-
mation of sea ice and the dense shelf‐water precursors of Antarctic Bottom Water.
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As a result of the sSO's environmental challenges to conventional observational approaches, our under-
standing of the regional ocean dynamics remains fragmentary and is founded primarily on a few long‐term
mooring records (Daae et al., 2018; Graham et al., 2013; Kim et al., 2016; Núñez‐Riboni & Fahrbach, 2009;
Peña‐Molino et al., 2016; Webber et al., 2017) and numerical models (Kimura et al., 2017; Mathiot et al.,
2011; Paloczy et al., 2018; Stewart & Thompson, 2015) as well as sparse hydrographic data (Hatterman,
2018; Mallett et al., 2018). These studies indicate that in many areas around Antarctica, the slope frontal sys-
tem and on‐shelf pycnocline exhibit pronounced seasonality, with wind forcing being consistently suggested
as the primary causal factor. This basic conceptual understanding was recently corroborated by Armitage
et al. (2018) and Dotto et al. (2018), who drew on novel developments in the processing of satellite radar alti-
metry in ice‐covered regions to document the seasonal cycle of sea level and surface geostrophic circulation
across the sSO and in the region's Paciﬁc sector, respectively. Those investigations showed that the season-
ality unveiled locally by in situ measurements occurs extensively around the sSO and that the observed
variability is broadly coherent with wind forcing patterns.
Here we build on these recent studies by assessing the nature and drivers of sSO variability using the new
altimetric observations. Our work extends that of Armitage et al. (2018) in that (i) it dissects the adjustment
of the sSO to forcing in a way that illuminates the key drivers and dynamics, as well as their divergent
impacts on the two major oceanic features of the sSO outlined above, and (ii) it considers the role of sea
ice in modulating sSO variability and demonstrates its signiﬁcance. We show that the sSO responds to cir-
cumpolar wind and ice forcing via a phased, zonally coherent, bimodal adjustment involving a quasi‐
instantaneous exchange of mass between the Antarctic continental shelf and the sSO to the north, and a
delayed (2‐month‐lagged) mass transfer between the wider Southern Ocean and the subtropics. Whereas
only the fast mode regulates the intensity of the Antarctic slope frontal jet, both modes inﬂuence
Antarctic coastal sea level, which is directly coupled to the on‐shelf pycnocline via Ekman dynamics
(Jenkins et al., 2016; Stewart & Thompson, 2015).
Figure 1. Mean dynamic topography of the Southern Ocean (shading) from the EIGEN‐6C4 geoid estimate (Förste et al.,
2014). The southernmost circumpolar contour (−2 m), bounding the subpolar Southern Ocean to the north, is marked in
grey. The minimum cross‐slope gradient in dynamic topography close to Antarctica, indicative of the Antarctic Slope
Front, is shown (where present) in green. The climatological minimum (January–March) and maximum (July–
September) sea ice extents are indicated in white. Selected isobaths (1,000 and 3,000 m) are shown in black. The Weddell
and Ross gyres are, respectively, labeled as WG and RG.
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2. Data and Methods
2.1. Altimetric Data
Gridded along‐track sea surface height (SSH) anomaly (η) data obtained by Cryosat‐2 radar altimetry
(Wingham et al., 2006) between November 2010 and February 2016 are analyzed. Cryosat‐2 operated in
three modes: low‐resolution mode in the sea ice‐free open ocean, synthetic aperture radar over sea ice,
and synthetic aperture radar Interferometric near coastal margins. SSH measurements in ice‐covered
regions were processed following the methodology of Peacock and Laxon (2004), which discriminates
between diffuse echoes from sea ice and specular echoes from leads. A seasonal offset between the open‐
ocean and lead measurements was determined, induced by the different retrackers utilized to ﬁt the alti-
meter return echoes; this was added to the lead data to rectify the bias (Armitage et al., 2016, 2018;
Bulczak et al., 2015; Dotto et al., 2018).
The bias‐corrected data were mapped onto a spatiotemporal grid with spacings of 0.5° (latitude), 1° (longi-
tude), and 1 month. Zonal (u) and meridional (v) surface geostrophic velocity anomalies were calculated as
u ¼ −gf −1∂η=∂y (1)
and
v ¼ gf −1∂η=∂x; (2)
where g is gravity, f is the Coriolis parameter, and x and y are the meridional distances. The uncertainty for
the gridded SSH is 1.5 cm (Dotto et al., 2018).
2.2. Assessment of Drivers of Subpolar Southern Ocean Variability
Monthly mean wind stress, wind stress curl, ocean surface stress, and ocean surface stress curl (OSC) were
calculated to investigate the drivers of sSO sea level variability. Wind data were acquired from the European
Centre for Medium‐Range Weather Forecasts ERA‐Interim reanalysis (Dee et al., 2011), sea ice concentra-
tion data from the National Snow and Ice Data Center (Cavalieri et al., 1996), and sea ice drift data from
the Polar Pathﬁnder Daily Sea Ice Motion (Tschudi et al., 2016). All data sets were interpolated onto the
SSH grid and restricted to the period of January 2011 to December 2015, the years for which SSH data are
available in all months. Ocean surface stress was computed as follows:
τ ¼ ατice−water þ 1−αð Þτair−water
where
τice−water¼ρwCiw uij jui
τair−water¼ρaCaw∣ua∣ua
and α is sea ice concentration, ρa = 1.25 kg/m
3 air density, and ρw = 1,028 kg/m
3 seawater density. ua and ui,
respectively, indicate the velocities of wind and sea ice drift, and Ciw and Caw denote ice‐water and air‐water
drag coefﬁcients set to 5.50 × 10−3 and 1.25 × 10−3 (Tsamados et al., 2014). A constant Ciw and a stagnant
ocean were assumed. Our results are qualitatively independent of the chosen Ciw.
GRACE RL05‐Mascon ocean bottom pressure (OBP) anomalies from the Center for Space Research at the
University of Texas (Save et al., 2016) were used to gain insight into the mechanisms of sSO sea level varia-
bility. A climatic index characterizing the state of the Southern Annular Mode (SAM) was considered to
synthesize the inﬂuence of circumpolar winds on the sSO (Thompson & Wallace, 2000). The SAM is the
principal mode of atmospheric variability in the extratropical Southern Hemisphere, and entails synchro-
nous, opposing atmospheric pressure anomalies over Antarctica and the midlatitudes.
The relationships between SSH, OBP, and OSC were assessed via maximum covariance analysis (MCA) of
each pair of variables using singular value decomposition, whereby the covariance patterns of the cross‐
covariance matrix are extracted (Wallace et al., 1992). As applied here, MCA determines the spatial patterns
in each pair of variables that vary concurrently in time. We performed this analysis for the Southern Ocean
south of 50°S, after subtracting the local mean and linear trend from each data set.
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3. Results
3.1. Subpolar Southern Ocean Variability
sSO SSH displays substantial month‐to‐month variability (Figures 2a and 2b), which primarily entails a mer-
idional exchange of water between the Antarctic margins and the sSO to the north (Figure 2d). This varia-
bility has a standard deviation of ~2 cm near Antarctica and contains a seasonal cycle of range ~5 cm.
Highest (lowest) SSH occurs in July‐September and lowest (highest) SSH occurs in February–April at the
Antarctic coast (in the sSO to the north). The seasonal cycle in sSO SSH varies signiﬁcantly from one year
to another, with the range of interannual variability (~4 cm) being comparable to that of the mean seasonal
cycle. These year‐to‐year variations stem principally from interannual ﬂuctuations in the phase (rather than
the amplitude) of the seasonal cycle (Figure 2a).
The variability of the surface geostrophic ﬂow in the sSO is oriented mainly in the zonal direction, as corre-
sponds to a horizontal gradient of SSH anomaly that is aligned approximately perpendicular to the Antarctic
coast (Figure 2d). Zonal surface geostrophic ﬂow anomalies are largest at the Antarctic continental slope,
where they exhibit a standard deviation of ~0.5 cm/s. Zonal ﬂow anomalies in this region anticovary with
more modest anomalies in the sSO to the north (north of ~60°S; Figure 2d), characterized by a standard
deviation of ~0.1 cm/s. The variability of the zonal ﬂow is predominantly seasonal (Figures 2a and 2c).
Westward (eastward) ﬂow anomalies at the Antarctic continental slope peak at ~1 cm/s in May–July
(December–February), in association with maximum eastward (westward) ﬂow anomalies of ~0.3 cm/s in
the sSO to the north. Substantial interannual changes in zonal ﬂow also occur, with the range of interannual
variability (~0.5 cm/s) being almost as large as that of the mean seasonal cycle. As for SSH, interannual var-
iations in zonal ﬂow mainly originate from year‐to‐year changes in the phase of the seasonal
cycle (Figure 2a).
The seasonal variations in sSO SSH and surface geostrophic ﬂow are broadly synchronous. However, their
seasonal cycles exhibit a phase shift, whereby the strongest (weakest) westward ﬂow at the Antarctic conti-
nental slope leads the highest (lowest) on‐shelf SSH by 1–3months (Figures 2b and 2c). This phase difference
Figure 2. (a) Time series of sea surface height (SSH) anomaly (blue) and zonal surface geostrophic velocity anomaly (red)
in the subpolar Southern Ocean (sSO) to the south of 60°S. Mean seasonal cycle of (b) SSH anomaly and (c) zonal surface
geostrophic velocity anomaly in the same region (lines). Shading indicates one standard deviation of the interannual
variability in each month. (d) SSH anomaly (shading) and surface geostrophic velocity anomaly (vectors) in July–
September relative to February–April. The northern boundary of the sSO is marked in grey.
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appears at odds with the dynamical relation between the two variables (equations (1) and (2)), from which
the largest SSH anomalies on the shelf (Figure 2d) might be expected to occur concurrently to the largest
ﬂow anomalies on the continental slope. We will show that the observed phase shift stems from the adjust-
ment of sSO SSH to changes in atmospheric and cryospheric forcing via two distinct dynamical responses, of
which only one has a notable impact on surface geostrophic ﬂow.
3.2. Relationship of Subpolar Southern Ocean Variability to Surface Forcing
Wind forcing has been extensively shown to exert a dominant control on SSH variability across the Southern
Ocean on the intra‐annual to interannual timescales considered here (Hughes et al., 1999, 2003; Kusahara &
Ohshima, 2009; Zika et al., 2013). However, in the sSO, where sea ice is seasonally pervasive, the momentum
transfer from the wind to the ocean is likely to be signiﬁcantly modulated by ice cover (Martin et al., 2014;
Tsamados et al., 2014). The joint role of wind and sea ice in regulating sSO variability is thus assessed by con-
ducting a MCA of OSC and each of the pertinent oceanic variables. Although steric effects are not explicitly
considered here, their relative insigniﬁcance can be surmised from our observation (Figure 2b) of maximum
(minimum) SSH along the Antarctic margins in late winter (summer), when upper‐ocean waters are densest
(lightest) (Mallett et al., 2018; Núñez‐Riboni & Fahrbach, 2009) and the steric contribution to SSH is
minimum (maximum).
TheMCA of SSH and OSC reveals that 64% of the squared covariance between these variables is explained by
two modes (Figures 3a–3d). These modes are comparable in amplitude, entailing SSH changes of range 3–4
cm, and exhibit a broadly annular footprint. Themeridional structure of the modes is, however, distinct. The
ﬁrst mode (MCA1SSH,OSC) involves an anticovariation in SSH between the bulk of the sSO and the Southern
Ocean to the north, with maximum SSH ranges inshore of the Antarctic continental slope (Figure 3a). This
mode is also captured by the ﬁrst empirical orthogonal function mode of SSH (Figure S1a), which accounts
for 24% of the total SSH variance. The second mode (MCA2SSH,OSC) consists of an anticovariation in SSH
between the bulk of the Southern Ocean and some of the basins to the north (speciﬁcally, the areas around
South America, Africa, and Australasia, north of ~55°S) as well as, in less pronounced form, the inner
reaches of the Antarctic continental shelf (Figure 3c). This mode also emerges as the second empirical ortho-
gonal function mode of SSH (Figure S1b), which accounts for 12% of the total SSH variance. The two modes
have broadly similar seasonal cycles (Figures 3e and 3f) yet display a signiﬁcant difference in phase, whereby
MCA2SSH,OSC lags MCA1SSH,OSC by several months. The superposition of these de‐phased modes gives rise
to the seasonal cycle in sSO SSH.
4. Discussion
While the modes produced by the MCA of SSH and OSC are statistical constructs, several lines of evidence
suggest that they describe distinct dynamical responses of the Southern Ocean to circumpolar wind and sea
ice forcing. MCA1SSH,OSC is consistent with a wind‐ and ice‐driven exchange of mass between the Antarctic
continental shelf and the Southern Ocean to the north. Variations in sSO SSH associated with this mode cor-
respond closely in space with anomalies in OSC of the same sign (Figures 3a and 3b), as expected from a
quasi‐instantaneous oceanic response to changes in surface stress mediated by Ekman dynamics. The cir-
cumpolar coherence of SSH variations around the Antarctic continental shelf is indicative of the fast propa-
gation of sea level ﬂuctuations along the almost‐closed barotropic potential vorticity contours that encircle
Antarctica, via topographic waves (Hughes et al., 1999; Kusahara & Ohshima, 2009; Spence et al., 2017). The
mode of SSH variability characterized byMCA1SSH,OSC has been documented with bottom pressure recorder
and tide gauge data as well as numerical models and is often termed the “southern mode” (Aoki, 2002;
Hughes et al., 1999, 2003).
MCA2SSH,OSC is consistent with a wind‐ and ice‐driven exchange of mass between the Southern Ocean and,
primarily, the basins to the north. As for the ﬁrst mode, variations in SSH described by MCA2SSH,OSC
(Figure 3c) are associated with a broadly annular pattern of surface stress (Figure 3d). This surface stress curl
distribution resembles that of MCA1SSH,OSC, with some substantial differences in the South Atlantic,
Southwest Indian, and central South Paciﬁc sectors. The spatial correlation between the SSH and OSC
anomaly ﬁelds is reduced for MCA2SSH,OSC (r = 0.42) relative to MCA1SSH,OSC (r = 0.52) and thereby sug-
gests that MCA2SSH,OSC does not simply describe an instantaneous Ekman‐mediated response of SSH to
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changes in surface stress. In order to evaluate the possibility that MCA2SSH,OSC may instead represent a
lagged response in the sSO system, we quantify the temporal correlation between that mode's principal
component of SSH anomaly and the total OSC anomaly at a range of lags (Figure 3g). Initially, correlation
rises with increasing lag (with OSC leading SSH) and peaks at 2 months. This suggests that MCA2SSH,OSC
describes a 2‐month‐lagged, Ekman‐mediated adjustment of SSH to changes in wind and sea ice forcing.
Figure 3. Spatial patterns of (a) sea surface height (SSH) anomaly and (b) ocean surface stress curl (OSC) anomaly asso-
ciated with MCA1SSH,OSC and of (c) SSH anomaly and (d) OSC anomaly associated with MCA2SSH,OSC. The spatial
pattern of surface geostrophic velocity anomaly corresponding to that of SSH anomaly is indicated by vectors in (a) and (c).
The fraction of the squared covariance between SSH and OSC explained by each mode is indicated in the upper axis of (a)
and (c). The northern boundary of the subpolar Southern Ocean (sSO) is marked in grey in each map. Time series of the
principal components of SSH anomaly (denoted SSHa, in black) and OSC anomaly (in red) associated with (e) MCA1SSH,
OSC and (f) MCA2SSH,OSC. The correlation coefﬁcient (r) between SSHa and OSC is indicated in each panel, with the
associated p value in brackets. The original time series of SSH anomaly (denoted DOTa, in grey) shown in Figure 2a is
reproduced for reference. (g) Spatial average (over the sSO to the south of 62°S) of the coefﬁcient of temporal correlation
between the principal component of SSH anomaly associated with MCA2SSH,OSC and the total OSC, at a range of tem-
poral lags (with OSC leading). MCA = maximum covariance analysis.
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This interpretation is endorsed and augmented by two further results. First, the spatial distribution of the
coefﬁcient of temporal correlation between OSC and the MCA2SSH,OSC principal component for SSH at a
lag of 2 months reproduces the structure of the OSC anomaly in MCA1SSH,OSC, to a greater degree than does
the analogous instantaneous correlation (Figures S2, 3b, and 3d). This suggests that MCA1SSH,OSC and
MCA2SSH,OSC represent de‐phased responses (at lags of 0 and 2 months, respectively) of Southern Ocean
SSH to the same circumpolar pattern of surface forcing. Second, MCAs of OBP and OSC (Figure S3), and
of OBP and SSH (Figure S4), both yield a leading mode that explains a high fraction (57% and 59%, respec-
tively) of the squared covariance between each pair of variables and that is nearly identical to MCA2SSH,OSC
(Figures 3c and 3d). This is consistent withMCA2SSH,OSC entailing a displacement of a much greater oceanic
mass than MCA1SSH,OSC (as deduced from the much more extensive area of coherent SSH variation within
the Southern Ocean apparent in MCA2SSH,OSC; Figures 3a and 3c) and thus provides a plausible explanation
of the signiﬁcant lag in the SSH adjustment to surface stress implicit in MCA2SSH,OSC.
To rationalize the difference in phase between the seasonal cycles of sSO SSH and surface geostrophic ﬂow,
we consider the ﬂow anomaly ﬁelds associated with MCA1SSH,OSC and MCA2SSH,OSC (Figures 3a and 3c).
The characteristic magnitude of the ﬂow anomaly linked to MCA1SSH,OSC considerably exceeds that related
to MCA2SSH,OSC, particularly near the Antarctic continental slope where horizontal gradients of SSH anom-
aly are largest. This indicates that the mode of SSH variability described by MCA1SSH,OSC (the “southern
mode”) underpins the bulk of the observed changes in surface geostrophic ﬂow and explains the alignment
of the seasonal cycle of the ﬂowwith that of MCA1SSH,OSC. This result is supported by the outcome of a MCA
of zonal ﬂow and OSC (Figure S5), which reveals that the leading mode (MCA1u,OSC, accounting for 31% of
the squared covariance between the two variables) reproduces the spatial structure of the zonal ﬂow asso-
ciated with MCA1SSH,OSC (Figure 3a) and is in phase with MCA1SSH,OSC.
A notable ﬁnding of our analysis is that the representation of the role of sea ice in modulating the transfer of
wind momentum to the ocean is essential to adequately capture the response of the sSO (in particular, the
oceanic regions closest to Antarctica and the Weddell and Ross gyres; Figure 1) to surface forcing. In those
areas, frequent sea ice cover partially suppresses the wind momentum input to the ocean, especially as sea
ice drift reduces toward the Antarctic margins. The regional signiﬁcance of this shielding effect may be illu-
strated by repeating the above MCA exercises with wind stress curl in lieu of OSC (Figure S6). These show
that the close spatial correspondence between patterns of SSH and OSC variability, expected from Ekman
dynamics, breaks down across the sSO as OSC is replaced by wind stress curl. Accordingly, the spatial cor-
relation in the sSO to the south of the winter sea ice edge reduces from 0.38 (p= 0.05) between SSH and OSC
to 0.28 (p = 0.15) between SSH and wind stress curl.
To conclude, the surface forcing responsible for driving the sSO variability documented here has an annular
structure (Figures 3b and 3d) reminiscent of that of the SAM. The signiﬁcant association with this mode of
large‐scale atmospheric variability is conﬁrmed by computing the correlation between the SAM index and
each of the MCA1SSH,OSC and MCA2SSH,OSC principal components for OSC, at a range of lags (Figure 4).
Figure 4. Coefﬁcient of correlation (red circles) between the Southern Annular Mode (SAM) index and the principal components (PC) of sea surface height (SSH)
anomaly associated with (a) MCA1SSH,OSC and (b) MCA2SSH,OSC, as a function of lag (with SAM index leading). The levels of 90% and 95% signiﬁcance
(Sciremammano, 1979) are respectively indicated by orange and blue lines. MCA = maximum covariance analysis, OSC = ocean surface stress curl.
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Whereas for MCA1SSH,OSC the maximum correlation (r = −0.59, p = 0.01) occurs at zero lag, for MCA2SSH,
OSC the highest correlation (r = −0.38, p = 0.10) is found at a lag of 3 months. This endorses our result that
MCA1SSH,OSC and MCA2SSH,OSC, respectively, represent fast and delayed responses to circumpolar surface
forcing and extends our interpretation by suggesting that this forcing is partially described by the SAM.
Other forms of variability in circumpolar winds near Antarctica (such as changes in the coastal easterlies
linked to katabatic winds; Hazel & Stewart, 2019) are also expected to contribute to the surface forcing of
the sSO.
5. Conclusions
We have used Cryosat‐2 altimetry to show that sSO sea level undergoes a phased, zonally coherent, bimodal
adjustment to circumpolar wind and ice forcing, entailing a prominent seasonal cycle and almost equally
strong interannual variability. The adjustment is effected via a quasi‐instantaneous exchange of mass
between the Antarctic continental shelf and the Southern Ocean to the north (the “southern mode”) and
a delayed (2‐month‐lagged) transfer of mass between the wider Southern Ocean and the subtropics. Both
adjustment modes are consistent with an Ekman‐mediated response to variations in surface stress, with
the lag in the delayed mode likely stemming from that mode's displacement of a very large oceanic mass.
As only the fast mode projects strongly onto the sSO surface geostrophic ﬂow, the regional circulation varies
in phase with the leading edge of sSO sea level variability. The relevant surface forcing for changes in the sSO
system is associated in part with variations of surface winds described by the SAM and is modulated by sea
ice cover near Antarctica.
These ﬁndings have several important implications for our understanding of the sSO and the representation
of the system's future evolution by climate‐scale oceanmodels. First, the pronounced imprint of circumpolar
winds on the physical conﬁguration of the sSO highlights a potential vulnerability of ocean processes near
Antarctica (including those controlling global abyssal ocean ventilation, Antarctic sea ice extent, and
Antarctic Ice Sheet melting) to contemporary climatic change, which is projected to involve a contraction
and strengthening of the polar vortex driven by rising atmospheric greenhouse gas levels (Thompson
et al., 2011). Second, the partial dissociation between the responses of sSO sea level and surface circulation
to circumpolar winds suggests that future variations in the region's two key oceanic features (the depth of the
on‐shelf pycnocline and the intensity of the Antarctic slope frontal jet) may be asynchronous or structurally
complex. Third, the signiﬁcant inﬂuence of sea ice in regulating the transfer of wind momentum to the sSO
points to the existence of intricate atmosphere‐sea ice‐ocean feedbacks in the system and stresses the need
for their comprehensive characterization. In this context, it is notable that Antarctic sea ice, having under-
gone a small interdecadal increase in extent, has recently exhibited the three lowest‐extent summers on
record (Schlosser et al., 2018; Turner et al., 2017). While the level to which these three years might represent
the start of a longer trend is presently unclear, these events emphasize that climatic changes in Antarctic sea
ice are expected (Bracegirdle et al., 2018) and will impact the momentum transfer to, and dynamical
response of, the sSO.
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